We hypothesized that the absence of a decrease in minimal left ventricular (LV) pressure during exercise would be associated with impaired LV apical back rotation during exercise. 
Introduction
Left ventricular (LV) filling primarily occurs early in diastole in response to the pressure gradient produced as LV pressure falls below left atrial (LA) pressure. Invasively measured minimal LV pressure, reflecting the LV suction, has a crucial role in early LV diastolic filling. 1, 2 Particularly during exercise, a reduction in early diastolic LV pressure plays an important role by augmenting LV filling, despite the shortening of diastole. If early diastolic LV pressure during exercise fails to decrease, it leads to an increase in LA pressure and, consequently, exercise intolerance. Previous studies show that, in the resting state, untwisting parameters are related to invasive indices of LV suction. 3 However, the relationship between dynamic changes of LV untwisting during exercise and simultaneous changes in the LV pressure measured invasively during exercise has not been validated yet. Therefore, we investigated dynamic changes of LV apical back rotation during exercise and its relationship with changes in minimal LV pressure during exercise. We hypothesized that the absence of a decrease in minimal LV pressure during exercise would be associated with impaired LV apical back rotation during exercise.
Methods

Study populations
Patients who were undergoing 1 year of routine follow-up coronary angiography after stent implantation were prospectively screened. After confirmation of patency of coronary stents, 21 patients without significant stenosis at follow-up coronary angiography were prospectively enrolled in this study. The institutional review board of Yonsei University College of Medicine approved the study protocol, and each subject gave informed, written consent to participate.
Exercise protocol
After elective coronary angiography through the radial artery, exercise testing was performed using a variable load bicycle ergometer (Medical Positioning, Kansas City, MO, USA) specially mounted at the catheterization table in a supine position with simultaneous invasive LV pressure measurements and echocardiographic assessment with Doppler measurements. A multistage supine bicycle exercise test was performed as described previously. [4] [5] [6] Subjects pedalled at a constant speed beginning at a workload of 25 W, with an incremental increase of 25 W every 3 min until limited by their symptoms.
LV haemodynamic evaluation
LV haemodynamic evaluation at rest and during exercise was performed with a 0.014 inch diameter high-fidelity Certus Pressure Wire with a 500 Hz frequency response introduced into the LV through a 5 Fr multipurpose catheter from a radial arterial access site. The multi-purpose catheter was removed or withdrawn into the aorta, leaving the pressure wire in a stable position within the LV cavity. LV systolic pressure, minimal LV pressure, and LV end-diastolic pressure were automatically detected from every heartbeat for a period of at least 5 s to ensure steady-state conditions ( Figure 1 ). The pressure wire was calibrated before and after exercise to confirm the correct operation of the device without losing its calibration during measurements. Calibration of the pressure wire was confirmed before and after exercise. The dP/dt max , and dP/dt min were automatically traced using PhysioMon software (Radi Medical Systems, Uppsala, Sweden) ( Figure 1) . All results were averaged for the complete measurement period. The time constant of LV relaxation, tau, was computed using an assumption of monoexponential pressure decay with a non-zero asymptote from the corresponding point of dP/dt min . 7 
Echocardiographic measurement and speckle-tracking imaging analysis
Simultaneous echocardiographic examination with LV pressure measurement was performed using a commercially available system (Vivid i, GE Healthcare, Milwaukee, WI, USA) as described previously. [4] [5] [6] Briefly, from the resting images, standard 2D measurements were performed as recommended by the American Society of Echocardiography. 8 At each Figure 1 Changes of invasive LV haemodynamics in response to exercise. Representative cases of LV pressure curves and dP/dt curves at rest and at maximal exercise from Group 1 (A) and Group 2 (B). Minimal LV pressure at rest was -1.9 mmHg and it decreased up to -5.4 mmHg during maximal exercise (A), whereas minimal LV pressure at rest was 6.5 mmHg and it increased up to 15.5 mmHg (B). LV, left ventricular. ured from the apical four-chamber view with a sample volume of 2-5 mm placed at the septal corner of the mitral annulus. All reported echocardiographic measurements were the average of three to five consecutive cardiac cycles. LV apical rotation and back rotation were assessed offline from 2D speckle-tracking-derived apical rotation and rotational velocities using EchoPAC (version 7.0.0; GE Medical, Princeton, NJ, USA). 9, 10 Of 21 patients, the images of 10 patients were not stored as the format available to analyse offline using EchoPAC. Peak apical rotation (degrees) and apical recoil at the mitral valve opening (MVO) (%) were defined from the rotation vs. time curve (Figure 2 , upper panel). Apical back rotation at the MVO (%) was the proportion of the extent of back rotation from the peak apical rotation to the timing of the MVO. Minimal apical backrotation velocity (degrees/s) and time to minimal apical back-rotation velocity after aortic valve closure (AVC) (ms) was defined from the rotational velocity vs. time curve (Figure 2 , lower panel). At rest, 1 of 11 images was not analysed because of poor image quality. At 50 W of exercise, analysis of an additional image was not feasible because of an enhanced longitudinal motion of apex.
To assess reproducibility, the same measurements were repeated by the same observer on the same images in 10 patient studies at 50 W of exercise, at least 4 weeks apart. To determine inter-observer variability, these same studies at 50 W of exercise were measured by a second observer blinded to the results of the other observer.
Statistical analysis
Data weree presented as means ± standard deviation. Clinical characteristics were compared with haemodynamic and echocardiographic variables between groups by the Mann-Whitney test. The relationship between the changes of minimal LV pressure and other echocardiographic parameters was analysed by the Pearson's correlation coefficient. A P-value of <0.05 was considered statistically significant.
Results
Baseline characteristics
The clinical and echocardiographic characteristics of the study group are presented in Table 1 . The mean age was 59 ± 10 years, and 18 of 21 patients were men. There was no electrocardiographic evidence of myocardial ischaemia at rest or during exercise. Patients were divided into two groups according to the changes in minimal LV pressure from rest to maximal exercise (Dminimal LVP): Group 1 (n = 8) experienced a decrease in minimal LV pressure during exercise and Group 2 (n = 13) experienced an increase in minimal LV pressure during exercise ( Table 1) . Age and body mass index were comparable between the two groups. Echocardiographic variables at rest, LV end-diastolic dimension, LV end-systolic dimension, LV ejection fraction, LV mass index, and LA volume index were also similar between the two groups.
Haemodynamic response to exercise
Haemodynamic responses to exercise are summarized in Table 2 . LV pressure and dP/dt curves of representative cases from both groups are presented in Figure 1 . Heart rate was similar between the two groups at rest and at 50 W of exercise. LV peak systolic pressure was also similar between the two groups. However, LV end-diastolic pressure at 50 W of exercise was significantly higher in Group 2 (19.8 ± 9.2 vs. 31.7 ± 7.5 mmHg, P = 0.006). dP/dt max at rest and 50 W of exercise were not different between the two groups. dP/dt min was similar at rest and 50 W of exercise between groups. Tau, time constant of LV relaxation, at rest was similar between two groups, but tau at 50 W of exercise were significantly longer in Group 2 (25 ± 7 vs. 39 ± 9 ms, P = 0.018).
Echocardiographic variables during exercise
Echocardiographic variables at rest and at 50 W of exercise are presented in Table 3 and Figure 3 . E velocity, A velocity, deceleration time, a 0 velocity, and s 0 velocity were not different at rest or at 50 W of exercise between the two groups. However, e 0 velocity at 50 W of exercise was lower in Group 2 (12.9 ± 3.4 vs. 9.6 ± 1.9, P = 0.029) and E/e 0 at 50 W of exercise was significantly higher in Group 2 compared with Group 1 (7.8 ± 2.0 vs. 12.5 ± 2.7, P = 0.002). Notably, e 0 velocity and E/e 0 at rest did not show differences between the two groups.
Variables regarding LV apical rotation or back rotation at rest did not show a significant difference between the two groups. However, LV back-rotation variables at 50 W of exercise were significantly impaired in Group 2 when compared with Group 1 ( Table 3) . Apical back rotation at the MVO at 50 W of exercise was reduced in Group 2 (23.5 ± 7.7 vs. 8.5 ± 5.5%, P = 0.016). Minimal apical back-rotation velocity at 50 W of exercise was significantly higher in Group 2 (-173 ± 28 vs. -125 ± 23 degrees/s, P = 0.009). Time-to-minimal apical back-rotation velocity after AVC was prolonged in Group 2 (55 ± 13 vs. 106 ± 38 ms, P = 0.045).
Interclass correlation coefficients of peak apical rotation at 50 W of exercise (degrees) and minimal apical back-rotation velocity at 50 W of exercise (degrees/s) were 0.92 and 0.85 for intra-observer variability and 0.87 and 0.76 for inter-observer variability. 
Correlations between Dminimal LVP and echocardiographic parameters
Correlation between Dminimal LVP and echocardiographic variables are presented in Supplementary data online, Table S1 . Dminimal LVP was not significantly related to any echocardiographic parameters at rest. Dminimal LVP showed no significant correlation with E/e 0 at 50 W of exercise (r = 0.32, P = 0.155, Figure 4A ). However, it showed a significant correlation with apical back rotation at the MVO at 50 W of exercise (r = -0.77, P = 0.009, Figure 4B ) and minimal apical backrotation velocity at 50 W of exercise (r = 0.69, P = 0.028, Figure 4C ).
Discussion
In this study, we invasively measured the haemodynamic changes of minimal LV pressure during exercise, reflecting LV diastolic suction, and simultaneously investigated the dynamic changes of LV apical back rotation during exercise by speckle-tracking echocardiography. The principal findings are (i) in the resting state, LV apical backrotation parameters were not different between the groups. However, at 50 W of exercise, patients with poorer LV suction during exercise who showed an increase in minimal LV pressure with exercise had more impaired LV apical back-rotation.
(ii) The amount of minimal LV pressure decrease during exercise showed a better correlation with LV apical back-rotation parameters than other Doppler parameters. Previous studies utilizing an invasive measurement of LV pressure demonstrate that augmenting LV suction is important to produce the early diastolic mitral valve gradient for more rapid mitral valve flow in early diastole, particularly during exercise, which shortens the diastolic period.
1,2 Thus, a decrease in minimal LV pressure reflecting the augmented LV suction during exercise is crucial to maintain early LV diastolic filling without an increase in LA pressure. In this process, LV untwisting leads to isovolumic pressure decay and generates intraventricular early diastolic base-to-apex pressure gradients, which leads to LV suction and efficient filling. [10] [11] [12] However, the relationships between LV untwisting and invasively measured LV diastolic pressure were not defined clearly during exercise, although untwisting parameters were related to invasive indices of LV suction in the resting state. 3 In this study, not only Doppler parameters but also LV apical backrotation parameters were similar between the groups in the resting state. Therefore, echocardiographic parameters at rest could not differentiate whether the minimal LV pressure would decrease or increase during exercise. However, at 50 W of exercise, patients with an absence of decrease in minimal LV pressure during exercise had lower e 0 velocity and higher E/e 0 . Moreover, they had impaired LV apical back rotation at 50 W of exercise. Apical back rotation at the MVO was reduced significantly, suggesting the degree of recoil during isovolumic relaxation was lower. Minimal apical back-rotation velocity was higher in Group 2, suggesting that not only the extent of back rotation but also rapid apical back rotation was important for the production of early diastolic pressure decay for LV suction. Finally, the time-to-minimal apical back-rotation velocity after AVC at 50 W of exercise was prolonged in Group 2. Thus, the diastolic stress echocardiography could be helpful in predicting the changes of minimal LV pressure with exercise and detecting the subclinical patients who have early diastolic dysfunction with abnormal myocardial relaxation during exercise. Similar to our findings, Tan et al. 13 also found that patients with heart failure with normal ejection fraction had exercise-induced torsional dyssynchrony in systole and diastole, which relates to LV hypertrophy as well as exercise capacity. In addition, these LV apical back-rotation parameters showed a better correlation with the minimal LV pressure decrease than other Doppler parameters and showed less overlap between the groups as presented in Figure 3 . Therefore, LV apical back-rotation parameters during exercise might be better in discriminating patients who have impaired LV suction during exercise. LV untwisting, conformational changes occurring within the heart that are reflective of the release of energy stored during the previous systole, has a contribution to the early diastolic phase. The changes of minimal LV pressure during exercise we measured indicate LV suction, a main process of the early diastolic period. Therefore, it showed an association between Dminimal LVP and LV untwisting parameters. In contrast, Dminimal LVP may not be related to E/e 0 because it indicates the mean LV diastolic pressure. 14 These findings also suggest that the apical backrotation marker may be more sensitive than the E/e 0 to detect diastolic dysfunction since it reflects impaired LV suction during exercise, an earlier marker of diastolic dysfunction than E/e 0 , which is a surrogate marker of elevated filling pressure. Moreover, apical backrotation parameters may provide further information regarding diastolic function particularly when mitral annular velocity is not helpful (e.g. mitral or aortic prosthesis, basal regional wall motion abnormality, mitral annular calcification, etc.). Although our study provided a non-invasive way to evaluate the pathophysiological mechanism of diastolic dysfunction (particularly impaired LV suction) during exercise, a clinically significant cut-off value of LV apical back-rotation parameters could not be determined because of relatively small number of asymptomatic patients. Further studies can elucidate the clinically applicable values of apical back-rotation parameters for symptomatic patients who were in the grey zone according to the Doppler parameters during exercise. In this study, E/e 0 increased from an average of 10.3 to 12.5 when LV end-diastolic pressure increased from 15.9 to 31.7 mmHg in Group 2 ( Tables 2 and 3 ). E/e 0 ratio has been suggested to show better correlation with mean PCWP, pre-A pressure, and mean LV diastolic pressure than with LV end-diastolic pressure. Instead, Doppler signals that occur at end diastole better correlate with LV enddiastolic pressure and these include mitral peak A velocity, A-wave duration, pulmonary vein peak Ar velocity, Ar velocity duration, and Ar-A duration. 15 We did not measure the basal rotation. However, apical rotation and back rotation represents the dominant contribution to LV twist and untwist over a wide range of loading conditions, inotropic states, and during myocardial ischaemia in a previous study. 16 In addition, the timing of peak untwisting and the chronology of diastolic mechanical events were unchanged during exercise, suggesting that LV untwisting was driven mainly by apical back rotation. 17 Another study, which explored the effects of mechanical limitation of apical rotation on LV relaxation and enddiastolic pressure, shows that diastolic function is impaired with reduced apical rotation and untwisting rate during isovolumic relaxation when the apex of the heart is immobilized using an apical suction device. 18 The main limitation of this study was the small number of patients, reflecting the difficulty to obtain simultaneous echocardiographic and invasive LV pressure data. Second, the repeatability during two different exercise stress tests was not evaluated. 
Conclusions
The absence of a decrease in minimal LV pressure during exercise, a manifestation of impaired LV suction, was closely linked with impaired LV untwisting during exercise. Thus, LV untwisting parameters during diastolic stress echocardiography may be a useful parameter for the assessment of diastolic function, particularly for the early diastolic period.
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